Introduction
During the past 20 years, pulmonary transplantation has emerged as a successful mode of surgical therapy for volume of 25 ml/kg, and positive end expiratory pressure of 2 cmH 2 O. After performing a left paramedian sternotomy, the dogs were killed with intravenous 65 mg/kg pent a barbiturate. Heparin sodium (500 U/kg) was injected intravenously, and cardiac massage was started immediately. During cardiac massage, the systolic arterial pressure was kept at 50-70 mmHg and the systolic pulmonary pressure at 20-40 mmHg. Ten minutes later, the ventilator was stopped and saline ice slush was put into both pleural cavities so that it completely covered both deflated lungs, which were protected by gauze. The temperature of the pleural cavities was kept at 4°C. After 6 h, the left pulmonary hilus was exposed and the left main pulmonary artery was separated. The left pulmonary veins were separated with a large cuff. The left tracheobronchial lymph nodes were dissected and then the left main bronchus was separated at two cartilage rings proximal from upper and lower bifurcate bronchi. The peripheral tissue around the bronchus was not dissected.
Study Groups
Group 1 (n ϭ 6) received lungs treated in the abovedescribed method. Group 2 (n ϭ 2) received lungs treated as a control by the following method; after the ventilator was stopped, the donor lung was kept at room temperature without saline ice slush, and was harvested 4 h later.
Recipient Procedure
A comparably sized dog was sedated and anesthetized in the same way as that in the donor. A tracheostomy was performed, a No. 7.5 tracheal tube inserted, and the recipient dog was ventilated in the same way as the donor. A catheter with thermista and electrodes (a catheter for lung-water, LV-504, Nihon Kohden, Tokyo, Japan) was inserted via the right femoral artery. A 5-F Swan-Ganz thermodilution catheter (Baxter, Tokyo, Japan) was inserted and its tip was set in the pulmonary artery trunk. A left thoracotomy was accomplished through the fifth intercostal space. The pulmonary ligaments were cut and the hilus was exposed. The left main pulmonary artery was clamped and cut as close to the periphery as possible. The left main bronchus was clamped and separated at two cartilage rings proximal from upper and lower bifurcate bronchi. The left atrium of the pulmonary vein orifice was clamped and the left pulmonary vein was cut as close to the periphery as possible. In this matter, the left pneumonectomy was completed.
Surgical Procedure
In group 1, the harvested donor lung was immediately protected by ice gauze. Bronchial anastomosis was performed first with a running 4-0 Prolene suture. If the difference in bronchial anastomotic calibers was significant, the procedure was performed using telescopic anastomosis. Pulmonary artery anastomosis was performed with a running 5-0 Prolene suture. Lastly, an atrial cuff was formed by making an incision at the point where the superior and inferior pulmonary veins joined together. Atrial anastomosis was performed with a running 4-0 Prolene sutures, which was left untied.
The clamp on the bronchus was removed and ventilation started. The pulmonary artery clamp was removed and when blood reached the atrial suture line, the clamp was removed from the left atrium and the atrial suture was tied. A catheter measuring the left atrial pressure was inserted into the left atrium through a purse-string suture in the appendage. Within 10 min of starting ventilation, all atelectasis disappeared in response to the temporary increase in the positive endexpiratory pressure from 6 to 15 cmH 2 O. The ventilator was then set for the rest of the experiment with an inspired oxygen fraction of 0.5 (respiratory rate, 20 breaths/min; tidal volume, 25 ml/kg; positive endexpiratory pressure, 6 cmH 2 O).
Measurements and Analyses
Electrocardiogram, arterial pressure (AP), central venous pressure (CVP), pulmonary arterial pressure (PAP), and left atrial pressure (LAP) levels were continuously recorded with Polygraph System RM-6000 (Nihon Kohden). Body temperature, hemoglobin (Hb), arterial oxygen pressure (PaO 2 ), arterial carbon dioxide pressure (PaCO 2 ), arterial oxygen saturation (SaO 2 ), and cardiac output (CO) levels were measured every 1 h for 8 h. Hemoglobin, PaO 2 , PaCO 2 , and SaO 2 were measured with arterial blood collected from a catheter for lung-water with ABL 3 (Radiometertrading, Tokyo, Japan). The body temperature and CO were measured from a Swan-Ganz catheter with 9520 A cardiac output computer (AHS Japan, Tokyo). To measure the function of the transplanted lung, the right main bronchus, pulmonary artery, and veins were clamped and the ventilation was set at a half tidal volume 15 min before each measurement. If metabolic acidosis developed, intravenous sodium carbon dioxide was administered. After completing the measurements, the right main bronchus, pulmonary artery, and veins were declamped again. The pulmonary vascular resistance (PVR) and systemic vascular resistance (SVR) levels were calculated as follows: ( ) ( ) All animals were followed for 8 h or until death. Animals that survived were killed with an intravenous injection of 65 mg/kg pent a barbiturate.
Histologic Evaluation
To investigate the injury of recipient lung tissue after transplantation, about 3 cm 3 of the transplanted lower lung was extirpated at sacrifice or death and then was treated in the following manner for the measurements. In brief, the tissue was fixed in formalin, and embedded in paraffin. Four-micrometer thick sections were cut and stained with hematoxylin-eosin. Nine items (interstitial hemorrhage, congestion, edema, white cell infiltration, and intravascular thrombus and alveolar hemorrhage, edema, white cell infiltration, and fibrin formation) were graded as follows: 1 ϭ minimal (Fig.  1a,b) , 2 ϭ mild to moderate (Fig. 1c,d ), 3 ϭ severe or diffuse (Fig. 1e,f) . Scores were added, and histological injury index was calculated for each reperfused lobe. The sum of the scores ranged from 9 to 27.
Statistical Analysis
All values are expressed as the mean Ϯ standard error. Differences between the groups were compared using the two-factor analysis of variance. Welch's t-test was used as a histologic injury index. A P value of less than 0.05 was considered to be significant.
Results
A left pneumonectomy followed by left lung transplantation was performed in all recipient dogs without any complications. The mean ischemic time before reperfusion was 7 h 48 min (range from 7 h 20 min to 8 h 30 min) in group 1, while in group 2 it was 5 h 55 min (range from 5 h 40 min to 6 h 10 min). The lengths of survival, the blood gas analysis trends (PaO 2 , PaCO 2 , SaO 2 ), and the hemodynamics (CO, MPAP, PVR, SVR) over various periods for each group are detailed in Table 1 .
Lengths of Survival
All six dogs were in excellent condition throughout the 8-h observation period in group 1. In group 2, both dogs revealed congestion in the allograft immediately after reperfusion, and such congestion progressed gradually.
One of the two in group 2 died 5 h after reperfusion. The other dog died 6 h after reperfusion.
Blood Gas Analysis
In group 1, although SaO 2 after transplantation was maintained as high as the preoperation level, PaO 2 after transplantation significantly decreased compared with that of baseline and remained at a similar level throughout the observation period. Arterial CO 2 pressure after transplantation was slightly higher than that before transplantation and it remained at a similar level during the observation period. However, the difference was not significant. In group 2, in spite of 4 h of preservation, all parameters of the gas exchange function deteriorated immediately after transplantation and then gradually worsened until becoming fatal within 6 h. Group 2 indicated a significantly worse deterioration in comparison with group 1 during the observation period.
Measurement of Hemodynamics
In group 1, CO, SVR, mean PAP, and PVR after transplantation were in the range of approximately 1.0-1.1 l/min, 7 500-8 000 dyne s Ϫ1 cm
Ϫ5
, 25-26 mmHg, and 700-750 dyne s Ϫ1 cm
, respectively; none of these parameters showed any tendency for change over time. In group 2, all parameters of hemodynamics deteriorated immediately after transplantation and gradually worsened until becoming fatal within 6 h. Group 2 indicated a significantly worse deterioration in comparison with group 1 during the observation period.
Histological Findings in the Allograft
The histological injury index was 12.0 Ϯ 1.1 in group 1 and 21.0 Ϯ 0.0 in group 2. Significantly worse histological damage was observed microscopically in group 2 in comparison with group 1 (P Ͻ 0.01). In both groups, the formation of intravascular thrombi was not observed. The histological injury index of the right lung (nontransplanted) that was topically cooled for 6 h was 12 Ϯ 2.0 (Table 2) .
Discussion
In this study, we demonstrated that the in situ topical cooling of the lungs from NHBDs for 6 h preserved a good lung function in allografts. These results affirmed the usefulness of the topical cooling procedure that Steen et al. reported. 4 In addition, more noteworthy is the fact that we have histopathologically confirmed the injury of allografts after topical cooling preservation.
Both dogs in group 2 histopathologically revealed severe injury in the allografts just after reperfusion and consequently died at 5 and 6 h after reperfusion. On the other hand, all dogs in group 1 survived with excellent hemodynamics and gas exchange function, and revealed only mild injury histopathologically. Although the formation of intravascular thrombus was not observed in either group, significant histological damage was microscopically observed in group 2. The histological injury index of the allografts in group 1 was also nearly equal to the right lung (nontransplanted) which was topically cooled for 6 h in group 1. This index thus appears to indicate that topical cooling could reduce reperfusion injury in the allograft.
To prolong the preservation time and to decrease reperfusion injury, many methods such as topical 
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Pre-tx, histologic findings of right lung (nontransplanted) topically cooled for 6 h or left at room temperature for 4 h in the non-heart-beating donor; post-tx, subsequent findings of transplanted lung at the termination of the experiment cooling, 5-7 the use of cytokine inhibitor released from neutrocytes, drugs that increase cyclic AMP, inhalation of nitric oxide, and nitrogen and oxygen have been studied. Among these methods, we believe that topical cooling is the simplest way of achieving preservation. Because topical cooling is technically an easy method to perform, any surgeon will be able to apply this method. This effective method of lung preservation will help to increase donor pools for lung transplantation.
We consider that 6 h of topical cooling would provide enough time for examining blood, assembling a transplant team, and recipient preparation and transfer. The problem remains: how can we confirm the lung donor and get the next-of-kin's informed consent for organ donation as soon as possible after cardiac arrest, for example, in cases due to ischemic heart disease? Some experimental studies have shown that the gas-exchange system of the lungs can tolerate 1 h of warm ischemia after circulatory arrest without a significant loss of its functional capacity. 8, 9 Therefore, to make the concept of cadaver lung transplantation feasible, the next-of-kin's permission must be obtained within 1 h of death. However, this is ethically very difficult to achieve in Japan, although Steen et al. were able to muster public opinion through huge efforts in Sweden. 4 We must debate this issue thoroughly with the general public before we will be able to initiate widespread cadaver lung transplantation.
In this study, compared with the levels of the recipient right lung before transplantation, the PaO 2 was lower, and both MPAP and PVR were higher just after reperfusion. Neither level improved throughout the 8-h observation period. With the rise of MPAP and PVR, endothelium-dependent relaxing factor induced by acetylcholine might thus have decreased. [10] [11] [12] However, Ingemansson et al. demonstrated that a significant reduction in endothelium-dependent relaxing factor caused by cooling storage could reversibly return to normal levels within 2 h after reperfusion. 12 Several reports have also proven this decrease to improve by the inhalation of NO. [13] [14] [15] [16] We examined only two cases and preserved them for 4 h in the control group (group 2). The results obtained from group 1 were within the normal ranges. Meanwhile, it is obvious that warm ischemia for 6 h is too severe to preserve the function of the transplanted lung. Actually, both dogs in which allografts were preserved for 4 h had significantly abnormal values throughout the observation period and died within 6 h. We thus concluded that no further addition was needed for the control group.
In conclusion, if topical cooling can be made soon after the onset of irreversible cardiac arrest, it is possible to use lungs from NHBDs for clinical lung transplantation from both a functional and pathological point of view. This method allows for at least a 6-h preparation period before the lungs need to be harvested.
